lethality resulted from XRCC4 inactivation as opposed To characterize the in vivo role of XRCC4, we now to some other effect of the inserted PGK-neo r cassette, have inactivated the XRCC4 gene in mice via genewe deleted this cassette in the mouse germline by the targeted mutation. We show that XRCC4 deficiency loxP/Cre recombinase approach ( Figure 1A ) and conleads to many cellular and lymphocyte developmental firmed that the homozygous deletion mutation remained defects also found in the context of Ku and ligase IV embryonic lethal (data not shown). Analyses of XRCC4 Ϫ/Ϫ deficiency, suggesting that they result from an impaired embryos at different gestational stages revealed late DNA end-joining pathway that involves Ku, ligase IV, gestational lethality at about E16.5 (Table 1) . Until E14.5, and XRCC4. In contrast to Ku deficiency, we find that development of XRCC4 Ϫ/Ϫ embryos was grossly normal. XRCC4 deficiency leads to embryonic lethality in conHowever, as gestation proceeded, some XRCC4 Ϫ/Ϫ emjunction with massive apoptotic death of newly generbryos displayed varying degrees of edema (E14.5), and ated, postmitotic neuronal cells throughout the develall were significantly runted by E15.5 ‫%03ف(‬ smaller oping nervous system. As we also find this neuronal by weight). Dead XRCC4 Ϫ/Ϫ embryos first appeared at death phenotype in ligase IV-deficient mice, it too may E14.5 and became much more frequent at E15.5 and result from impaired DNA end joining. E16.5 (Table 1) . To date, only two XRCC4 Ϫ/Ϫ pups have been delivered, albeit dead. Results
Targeted Inactivation of the XRCC4 Gene
Growth Defects and Premature Senescence of XRCC4 Ϫ/Ϫ Fibroblasts We have characterized the mouse XRCC4 gene and found it to span more than 60 kb, with most exons To investigate the cellular impact of XRCC4 deficiency, we isolated fibroblasts (MEFs) from E13.5 embryos. The spaced at least 10 kb apart. To inactivate this gene, we replaced exon 3, which encodes part of the XRCC4 doubling time of passage two (P2) XRCC4 Ϫ/Ϫ MEFs was about two times longer than that of controls ( Figure 2A ). functional core region (Mizuta et al., 1997) , with a loxP flanked neomycin resistance gene (neo r ) in the antisense Moreover, XRCC4 Ϫ/Ϫ MEFs, as compared to XRCC4 ϩ/Ϫ or wt MEFs, displayed accelerated loss of proliferative transcriptional orientation. Any potential transcript from the targeted allele that was spliced from exon 2 to either capacity, failing to undergo further growth after five passages (data not shown). In addition, we observed a exon 4 or 5 would harbor a frameshift mutation, resulting in deletion of at least 50% of the encoded polypeptide markedly reduced ability of XRCC4 Ϫ/Ϫ fibroblasts to repair ␥-irradiation-generated DSBs as compared to con-( Figure 1A ). We isolated multiple clones that had the replacement mutation on one allele (XRCC4 ϩ/Ϫ ) and trol cells ( Figure 2B ). Cell cycle analyses of P3 MEFs revealed significantly used selection in increased G418 concentrations to isolate XRCC4 Ϫ/Ϫ clones ( Figure 1B ). Northern analyses of fewer cycling cells in XRCC4 Ϫ/Ϫ populations (58% for Ϫ/Ϫ; 88% for ϩ/Ϫ), as judged by bromodeoxyuridine XRCC4 Ϫ/Ϫ ES cell RNA with an XRCC4 cDNA probe revealed no detectable transcripts ( Figure 1C ). There-(BrdU) incorporation during a 50 hr labeling period (Figure 2D) . Among the noncycling population, roughly 85% fore, the targeted XRCC4 mutation appears to represent a null mutation.
were in G0/G1 for both control and mutant MEFs (data Figure 6 ). Furthermore, neurogenesis in normal give rise to neurons that exit the cell cycle and migrate cortex starts at E11 ventrolaterally and E12 dorsalmedithrough the mantle layer (ML) where they differentiate. Strikingly, the massive apoptotic death throughout the ally, peaks around E12.5 and E13.5 (ventrolaterally and dorsalmedially, respectively), and continues at lower developing CNS of XRCC4 Ϫ/Ϫ mice was localized to the ML; in contrast, the VZ appeared indistinguishable belevels until E18 (Bayer and Altman, 1991); correspondingly, we observed peak cell death in XRCC4 Ϫ/Ϫ cerebral tween mutants and controls (Figures 4b and 4c versus  4e and 4f) . cortices at E13-14 ventrolaterally and E14-15 dorsalmedially ( Figure 6 and data not shown). At E16.5 (the latest To confirm the neuronal identity of the dead cells in the XRCC4 Ϫ/Ϫ CNS, we stained embryonic sections stage examined), pyknosis was mild in the mutant cortex; although the cavity in the IZ of cerebral hemisimultaneously with antibodies against ␤3-tubulin (specific for postmitotic neurons) and nestin (specific for spheres, first seen at E13.5, was still present, and the cortical plate remained thin (Figures 4d and 4e ; data not neuroprogenitors), in addition to the nuclear stain Hoechst (Figures 5a-5e ). In these assays, cells with pyknotic nushown). This apparent temporal correlation between neuronal development and abnormal apoptosis in XRCC4 Ϫ/Ϫ clei resided within the anti-␤3-tubulin-positive population and not in the nestin-positive cell population (Figures 5b-embryos was further substantiated by the disappearance of pyknosis in specific brain regions at defined 5e). This staining data, together with the anatomical location of the increased numbers of apoptotic cells, gestational ages. For example, neurogenesis in the hindbrain ceases before E14 (Nornes and Carry, 1978); correconfirmed that the massive cell death observed in mutants was in postmitotic neuronal populations, while spondingly, no obvious pyknosis was observed in the XRCC4 Ϫ/Ϫ hindbrain after E14.5 (Figure 6l ). proliferative progenitors were spared. Furthermore, the anti-nestin-positive progenitor cells appeared restricted Overall, these studies show that the increased cell death in specific regions of the XRCC4 Ϫ/Ϫ CNS is closely to the VZ both in wt and XRCC4 Ϫ/Ϫ animals ( Figure 5a and data not shown), indicating that XRCC4 deficiency linked to the onset and cessation of neurogenesis in a particular region. In addition, our finding that detectable does not lead to aberrant migration of neuroprogenitor cells away from the VZ. In addition, a 1-3 hr BrdU pulseapoptosis diminishes after neurogenesis in XRCC4 Ϫ/Ϫ embryos further supports our findings that most of the labeling experiment of XRCC4 Ϫ/Ϫ embryos showed that mitotic cells were confined to the VZ (as in wt) and that increased cell death involves early postmitotic neurons and not mature neurons. cells in the ML exhibited no obvious aberrant replication : (a, d, g, and j), 100ϫ; (b, c, e, f, h, i, k, and l) , 400ϫ.
Neuronal Cell Death in Ligase IV Ϫ/Ϫ Embryos effects of XRCC4 deficiency on neurogenesis also could be explained in the context of functional association We have recently generated Lig IV Ϫ/Ϫ mice and demonstrated that they have an identical phenotype to XRCC4-with ligase IV, we assayed for potential CNS lesions in Lig IV Ϫ/Ϫ embryos. Examination of HE-stained sections deficient mice with respect to impaired V(D)J recombination, IR sensitivity, cellular growth defects, and embryonic from ligase IV-deficient embryos revealed similar CNS defects to those observed in the XRCC4 Ϫ/Ϫ CNS. For lethality (Frank et al., 1998) . To determine whether the example, coronal sections of E13.5 Lig IV Ϫ/Ϫ cortex exneurons was the only potential cause of death identified. Strikingly, ligase IV deficiency results in similar neuronal hibit an abnormally high number of pyknotic nuclei and acellularity resulting in an aberrant cavity (Figures 4g-4l) . developmental defects. Therefore, this neuronal death phenotype almost certainly results from the absence of a shared XRCC4 and ligase IV function. Discussion
XRCC4 deficiency in cells results in proliferation defects,
Differential Requirements for XRCC4/Ligase IV Versus Ku Proteins DSBR defects, and inability to support either the coding or RS end-joining processes required to complete the It is curious that the embryonic lethality and severe neuronal developmental abnormalities observed in XRCC4-V(D)J recombination reaction. These defects are quite similar to those observed with Ku-and ligase IVand ligase IV-deficient mice were not observed in Ku70/ 80-deficient mice, given that they all share similar celludeficient cells and likely result from impairment of an end-joining reaction that employs all of these proteins. lar growth and V(D)J recombination defects. Two possible scenarios can be envisioned to explain these differHowever, XRCC4, in contrast to Ku, is required for normal embryonic development, with XRCC4-deficient emences. One is that XRCC4 and ligase IV have evolved additional functions in end joining or other reactions, bryos dying over a relatively broad period in late gestation. Analyses of the mutant embryos revealed defects perhaps in association with other proteins. A second, likely possibility is that the less severe developmental only in lymphocyte and neuronal development; massive apoptotic cell death of newly generated, postmitotic defects of Ku-deficient mice result from a higher residual tively, from increased sensitivity to DSBs and inability able that the neuronal cell defect in XRCC4-and ligase to repair DSBs. Finally, Northern analyses of total RNA IV-deficient embryos may be due to an impaired DNA from normal embryonic cortex revealed XRCC4 expresend-joining reaction. In this regard, previous studies of sion but showed no obvious differences in levels com-IR sensitivity during rat embryonic cortical development pared to other embryonic regions at different developsuggested highest sensitivity immediately after the birth mental stages (data not shown). While more detailed of a neuron (Bayer and Altman, 1991). As this period analyses need to be done, this expression pattern is appears to coincide with the wave of abnormal cell death consistent with the notion that XRCC4 is involved in in XRCC4 Ϫ/Ϫ neuronal cells during cortical development, repair of DSBs that arise (either nonspecifically or specifit further supports the possibility that massive death of ically) in all cell types (Li et al., 1995) . newly generated XRCC4 Ϫ/Ϫ and ligase IV Ϫ/Ϫ neurons may result from a particular sensitivity to excess DSBs, which cannot be efficiently repaired in the absence of
Potential Sources of DSBs in Postmitotic Neurons
What is the source of the DSBs that appear to lead these factors.
It also remains possible that excessive postmitotic to widespread death of newly generated, postmitotic XRCC4/ligase IV-deficient neurons? One possibility is neuronal death in XRCC4/ligase IV-deficient mice might be due to other processes. The pattern of neuronal cell that these breaks represent basal levels generated nonspecifically by normal metabolism of all cells, but that death in XRCC4 Ϫ/Ϫ embryos is similar to that observed in pRB-deficient embryos, which die around E14.5 due particular neuronal cells are much more sensitive to their presence. Another possibility is an elevated level to additional defects, including hematopoietic defects (Lin et al., 1996) . However, massive cell death in the of nonspecific DSBs due to altered cellular conditions associated with the affected period of neuronal differenpostmitotic regions of the pRB Ϫ/Ϫ CNS is associated with ectopic mitosis, which we do not find in the tiation. A third, intriguing alternative is that DSBs could be generated by a specific neuronal process, such as XRCC4 Ϫ/Ϫ CNS. In this regard, XRCC4 deficiency causes premature termination of the replicative cell cycle in a recombination process, required for neuronal differentiation/function (Chun and Schatz, 1993). In this context, MEFs, rather than cell cycle deregulation as observed in the absence of pRB. Another possible explanation for several studies of DSBs and cell death in the embryonic
